We describe a full structural model for amyloid fibrils formed by the 40-residue ␤-amyloid peptide associated with Alzheimer's disease (A␤ 1-40), based on numerous constraints from solid state NMR and electron microscopy. This model applies specifically to fibrils with a periodically twisted morphology, with twist period equal to 120 ؎ 20 nm (defined as the distance between apparent minima in fibril width in negatively stained transmission electron microscope images). The structure has threefold symmetry about the fibril growth axis, implied by mass-per-length data and the observation of a single set of 13 C NMR signals. Comparison with a previously reported model for A␤1-40 fibrils with a qualitatively different, striated ribbon morphology reveals the molecular basis for polymorphism. At the molecular level, the 2 A␤ 1-40 fibril morphologies differ in overall symmetry (twofold vs. threefold), the conformation of non-␤-strand segments, and certain quaternary contacts. Both morphologies contain in-register parallel ␤-sheets, constructed from nearly the same ␤-strand segments. Because twisted and striated ribbon morphologies are also observed for amyloid fibrils formed by other polypeptides, such as the amylin peptide associated with type 2 diabetes, these structural variations may have general implications.
A myloid fibrils are filamentous aggregates that result from the spontaneous self-assembly of a large and diverse class of polypeptides. Amyloid formation and deposition are associated with numerous human diseases, notably Alzheimer's disease, as well as certain biological functions (1, 2) . Although all amyloid fibrils contain ␤-sheets, formed by ␤-strand segments that run approximately perpendicular to the fibril growth axis in a ''cross-␤'' motif (3), their detailed molecular structures are not determined uniquely by amino acid sequence (4, 5) . Selfpropagating variations in the molecular structures of amyloid fibrils or amyloid-like aggregates formed by a single protein are believed to be responsible for the existence of multiple strains of mammalian prion diseases (6, 7) and yeast prion phenotypes (8) (9) (10) (11) , and may produce variations in the toxicity (4) or patterns of deposition (12) of amyloid fibrils in Alzheimer's and other amyloid diseases. Here, we describe an experimentally-based structural model for fibrils formed by the 40-residue Alzheimer's ␤-amyloid peptide (A␤ ) that applies specifically to fibrils with a characteristic periodically-twisted morphology in transmission electron microscopy (TEM) images, sometimes described as a ''twisted pair'' morphology (13, 14) . A combination of data from solid state NMR, TEM, and scanning transmission electron microscopy (STEM) indicates that these fibrils in fact possess threefold symmetry about the fibril growth axis. Comparison with a previously developed twofold-symmetric model for A␤ fibrils with untwisted, ''striated ribbon'' morphologies (15) reveals that A␤ fibrils with distinct morphologies share common secondary and tertiary structures, but differ primarily in overall symmetry, quaternary structure (as defined below), and the conformations of non-␤-strand segments.
Results

Seeded Growth Produces Morphologically Homogeneous, Twisted
Fibrils Comprised of 3 Cross-␤ Units. Fibrils with a homogeneous twisted morphology were prepared from synthetic A␤ 1-40 by a protocol similar to our reported quiescent growth protocol (4), but with intermittent sonication during growth, and with 12 rounds of seeding (see Materials and Methods and supporting information (SI) Fig. S1 ). Although fibrils from the early rounds exhibited various morphologies in TEM images, morphological homogeneity increased markedly in the later rounds, indicating that fibrils with an apparent twist period of 120 Ϯ 20 nm (spacing between apparent minima in fibril width) propagate most efficiently under our protocol. Importantly, although the width of these fibrils seems to vary periodically between 4 Ϯ 1 nm and 8 Ϯ 1 nm in TEM images obtained with conventional negative staining (Fig. 1A) , no width modulation is observed in unstained STEM images (Fig. 1B) , where the apparent width is 8 Ϯ 1 nm. Large width modulations are also absent in positively stained TEM images, unstained TEM images, and atomic force microscope images (Fig. S2 ). Quantitative analysis of STEM images, in which image intensity is directly proportional to mass density (4, 13, (16) (17) (18) , generated a histogram of mass-per-length (MPL) values ( Fig. 1C) with a maximum at 26 Ϯ 2 kDa/nm and no counts Ͻ19 kDa/nm. Given the 9.1 kDa/nm MPL expected for 1 layer of A␤ 1-40 molecules in a cross-␤ motif (4.3-kDa molecular mass divided by 0.47-nm spacing in a ␤-sheet), the observed MPL maximum indicates that fibrils with the morphology in Fig.  1 are constructed from 3 cross-␤ units, i.e., 3 layers of A␤ molecules. Thus, although the appearance of these fibrils in negatively stained TEM images suggests that they are twisted pairs of filamentous subunits, this possibility is ruled out by the STEM data. Earlier STEM data for A␤ have also suggested the presence of fibrils constructed from 3 cross-␤ units, but in fibril preparations that were less morphologically homogeneous (4, 17) .
Solid State NMR Data Indicate Threefold Symmetry and Provide
Constraints on Secondary, Tertiary, and Quaternary Structure. Molecular structural constraints were derived from a variety of solid state NMR measurements on A␤ 1-40 fibrils, prepared with uniformly 15 N, 13 C-labeled residues or individual 13 C-labeled and 15 N-labeled sites (Table 1) . Two-dimensional (2D) solid state 13 C NMR spectra of hydrated fibrils that contain uniformly-labeled residues ( Fig. 2 A-D and Fig. S3 ) show a single set of 13 maximum) for nearly all sites in residues 10-40, indicating that all A␤ 1-40 molecules in these fibrils have nearly equivalent conformations and structural environments. Together with the MPL data in Fig. 1C , this NMR result implies an approximate threefold symmetry about the fibril growth axis. Absence of threefold symmetry would produce splitting or broadening of many 13 C NMR lines, because of variations in the conformations or structural environments of the 3 cross-␤ units, contrary to our experimental observations. (Given the 0.47-nm intermolecular spacing along the fibril axis in a cross-␤ structure, twofold rotational symmetry would produce MPL Ϸ 18 kDa/nm, as would a twofold screw axis. Twofold symmetries would require that the intermolecular spacing in the ␤-sheets be Ϸ0.33 nm, at variance with known properties of ␤-sheets (3). 13 C-labeled sites in A2, S8, and G9 exhibit broader lines (Ϸ4 ppm) in the dry lyophilized state and reduced intensities in the hydrated state (Fig. S3) , indicating a disordered N-terminal segment that extends to Y10. Secondary shifts (i.e., deviations of 13 C chemical shifts from random coil values) indicate ␤-strand secondary structure in residues 11-22 and 30-39 and non-␤-strand conformations at certain positions in residues 23-29 ( Fig.  2E) , consistent with and torsion angles predicted from the 13 C chemical shifts by the TALOS program (19) (Table S1 ). Additional constraints on secondary structure for residues 23-30 were obtained from sequential backbone 15 (20) (Fig. S4) .
Tertiary structure (defined here and in earlier publications (3, 4, 13) as the alignment of ␤-strands within ␤-sheets) was determined with PITHIRDS-CT measurements of intermolecular 13 C-13 C dipole-dipole couplings (i.e., distances) in fibril samples with single-site labels. Intermolecular distances are Ϸ0.5 nm for backbone carbonyl sites of V12, V18, and A30, and for the methyl site of A21 ( Fig. 3 A and B) . These data show that the ␤-strands of A␤ 1-40 form 2 in-register parallel ␤-sheets, as previously observed for other A␤ 1-40 fibrils (4, 21, 22) and for amyloid fibrils formed by other polypeptides (13, (23) (24) (25) (26) .
Constraints on quaternary structure (defined as the arrangement of ␤-sheets within and between cross-␤ units) (3, 4, 13) were obtained primarily from 2D
13 C-13 C exchange spectroscopy with radio-frequency-assisted diffusion (27) (RAD). In these measurements, cross-peaks between 13 C NMR lines of nonsequential uniformly-labeled residues arise from spatial proximity of their sidechains, with sidechain-sidechain distances up to Ϸ0.6 nm (15). Nonsequential cross-peaks are observed for F19/I32, F19/L34, F19/V36, Q15/V36, H13/V40, and I31/V39 pairs ( Fig.  3 C-E and Fig. S5 ). With the exception of the I31/V39 crosspeaks, these cross-peaks are explained by ''internal'' quaternary contacts, i.e., contacts between the 2 ␤-sheets formed by residues 11-22 and 30-39 within a single cross-␤ unit. Because I31 and V39 are in the same ␤-strand, I31/V39 cross-peaks are explained by ''external'' quaternary contacts, i.e., contacts between different cross-␤ units that are related by the threefold symmetry (Fig.  3F ). 2D RAD spectra of isotopically diluted samples (Fig. S5) suggest that contacts involving F19 are intermolecular, consistent with staggering of N-terminal and C-terminal ␤-sheets (15) .
Note that we use the term ''quaternary structure'' to describe A2, D7, G9, Y10, V12, M35  --B  D23, K28, G29, I32, V36  --C  H13, A21, K28, G29, I31, V40  D  I31, G33, M35, G37, V39  --E  -V12 CO, A21 CH 3  -F  -V18 CO, M35 CH 3  L34, G37  G  -A30 CO  H  K16, F19, A21, E22, I32, V36  --I  F19, V24, G25, A30, I31, L34, M35  --J  F20, D23, V24, K28, G29, A30, I31  --K  S8, H13, L17, V18, A30, I32, G33  --L  F20, S26, N27, G33, G38, V39  --M  H14, Q15, A21, V36, G37  --N  F20, E22, K28, I32, M35, V36  --O  E11, H13, N27, K28, G29, A30 --essential aspects of the molecular structure within a single A␤ protofilament, where the protofilament is the minimal fibrillar entity observed in experiments. Here, the A␤ 1-40 protofilament is threefold symmetric, with MPL Ϸ 27 kDa/nm. Other authors may use the term ''quaternary structure'' to describe lateral association of protofilaments to form various bundles with higher total MPL values. Additional experimental constraints ( Fig. S4 and Fig. S5 ) include: (i) PITHIRDS-CT data for 13 C-labeled M35 methyl carbons that indicate approximate 0.7-nm distances between rows of methyl groups in the fibril core; (ii) frequency-selective rotational echo double resonance (fsREDOR) data (28) that imply an extended conformation for the M35 sidechain, with approximate 0.6-nm distances from M35 methyl carbons to backbone nitrogen sites of G37 and L34; (iii) fsREDOR measurements of 15 N-13 C dipole-dipole couplings between carboxylate groups of E11, E22, D23, and V40 and amino groups of K28 and K16 that indicate an approximate 0.5-nm D23/K28 distance, but distances Ͼ0.5 nm for other oppositely charged pairs; (iv) 2D TEDOR spectra (29) that confirm proximity of the V39 backbone nitrogen to I31 methyl carbons.
Alternative assignments of the observed quaternary contacts to the ''internal'' and ''external'' categories lead to impossible structures. For example, if the F19/I32, F19/L34, and F19/V36 contacts were external, then the Q15/V36 and H13/V40 contacts would also have to be external, given that residues 13-19 are in 1 ␤-sheet and residues 32-40 are in another ␤-sheet. The 2 interacting ␤-sheets would necessarily stack in an antiparallel manner. But then, in a threefold symmetric structure, connecting the N-and C-terminal ␤-strands of a given A␤ 1-40 molecule would require the intervening non-␤-strand segment to be much longer than the 7 residues indicated by the data above.
Structural Model Determined from Experimental Constraints. We generated full molecular models for fibrils with the twisted 13 C-13 C magnetic dipole-dipole couplings in samples E-G using the PITHIRDS-CT solid state NMR technique. Comparison with numerical simulations (lines) for linear chains of 13 C nuclei with specified spacings indicates intermolecular distances of Ϸ0.5 nm for V12 CO, A21 CH 3, and V18 CO sites, implying an in-register parallel ␤-sheet structure. (B) Schematic representation of the secondary and tertiary structure implied by the PITHIRDS-CT data and data in Fig. 2 . (C-E) 2D 13 C NMR spectra of samples H, D, and C, obtained with 0.5, 1.5, and 1.0-s RAD exchange periods, respectively. Cross-peaks enclosed in color-coded ellipses indicate F19/I32, F19/V36, I31/V39, and H13/V40 quaternary contacts. (F) Schematic representation of the quaternary structure implied by these long-range interresidue cross-peaks. morphology in Fig. 1 , using a computational protocol that began with fully extended A␤ 9-40 chains and applied experimentally based constraints (Table S2 ) on backbone conformation, sidechain conformation, and intermolecular distances in 2 stages of simulated annealing (see Materials and Methods). The resulting models (Fig. 4 A and B and Fig. S6 ) are consistent with existing experimental data, and we are unable to find qualitatively different models that are also consistent with the data. In these models, the majority of hydrophobic amino acid sidechains reside in the interior of the fibril, whereas the majority of charged and polar sidechains reside on the exterior, consistent with hydrophobic stabilization of the fibril structure (30) . In addition to creating a hydrophobic core, the parallel nature of the ␤-sheets may permit ''polar zipper'' interactions among Q15 sidechains (31) , which fit into a cavity created by G37 and G38 in a manner reminiscent of the ''steric zippers'' that have been observed in amyloid-like peptide crystal structures (32, 33) and other amyloid models (34) .
The model in Fig. 4B contains interior channels adjacent to the M35 sidechains in the center of the fibrils. These channels are created by glycine residues at positions 33 and 37, and may contain rows of water in the hydrated state. As a further test of the model, we examined whether G33N and G37N mutants, in which asparagine sidechains are predicted to fill the interior channels, could be seeded by wild-type A␤ 1-40 fibrils with the twisted morphology. Seeding experiments demonstrate that both mutants are indeed compatible with the twisted A␤ fibril morphology (Fig. S7) . Measurements of paramagnetic enhancement of 13 C NMR spin-lattice relaxation rates provide additional support (Fig. S3) .
Assuming a gradual twist about the fibril growth axis (18), the roughly triangular cross-section in Fig. 4 A and B implies a modulation of fibril width between 6 nm and 7 nm (ignoring the disordered N-terminal segment) when projected onto a plane parallel to the growth axis. This relatively small modulation is consistent with STEM images (Fig. 1B) and other types of images (Fig. S2) , but is at first glance inconsistent with negatively stained TEM images. However, it is important to realize that contrast in the negatively stained images arises primarily from the uranyl acetate stain, not from the fibrils themselves. Accumulation of stain around areas of contact between fibrils and the carbon film on the TEM grid produces an amplification of the apparent width modulation, as shown schematically in Fig. 1D . Fig. 4C compares the morphologies of twisted and striated ribbon A␤ 1-40 fibrils in TEM images. Solid state NMR data for striated ribbons, reported previously (4, 15) , are significantly different from the corresponding data for twisted fibrils. Differences include 13 C chemical shifts (differences Ͼ1 ppm for certain sites in residues 10, 13-15, 18, 22-25, 28, 29, 32, 33, 36, and 37), 2D RAD cross-peaks (I31/V39 and H13/V40 crosspeaks for twisted fibrils only; I31/G37 and I31/M35 cross-peaks for striated ribbons only), salt bridge distances indicated by D23/K28 fsREDOR data (0.37 nm for striated ribbons, 0.5 nm for twisted fibrils), and lateral distances among M35 methyl carbons (Fig. S4) . The protofilament in striated ribbon fibrils has an MPL value of Ϸ20 kDa/nm (4), which, together with the solid state NMR data, supports the twofold-symmetric model for the striated ribbon protofilament in Fig. 4D . Our data show that both A␤ 1-40 fibril morphologies contain in-register parallel ␤-sheets, nearly the same locations of ␤-strand, non-␤-strand, and disordered segments, and similar internal quaternary contacts. The principal structural differences are in the conformations of the non-␤-strand segments, the external quaternary contacts, and the overall symmetry.
Discussion
The interior channels adjacent to M35 sidechains discussed above are not present in Fig. 4D . The twofold-symmetric structure is apparently disfavored by G33N and G37N mutations, as the striated ribbon morphology does not propagate faithfully when wild-type A␤ fibrils with this morphology are used to seed fibril growth by G33N and G37N peptides (Fig. S7) .
Given the similarity of secondary and tertiary structures within twisted and striated ribbon A␤ 1-40 fibrils, it is remarkable that both morphologies are observed and can be prepared in pure form (Ͼ90% morphological homogeneity by TEM and NMR) under identical conditions of peptide concentration, pH, ionic strength, buffer composition, and temperature. As previously shown (4), agitation of an unseeded, initially monomeric A␤ 1-40 solution during fibril growth produces the striated ribbon morphology, whereas quiescent conditions produce twisted morphologies. The predominant morphology may be influenced by a variety of competing factors, including rates of spontaneous nucleation, fibril extension, and fibril fragmentation (35, 36) . Agitation may influence both nucleation and fragmentation rates. However, once a fibril forms with a particular morphology, either by spontaneous nucleation or by seeded growth, the kinetic barrier to conversion to a different morphology is apparently high enough to prevent conversion on the time scale of our experiments (i.e., at least several months). Quantitative characterization of thermodynamic properties and kinetic factors, and of the effects of solvent conditions on these quantities, will be a subject of future studies.
Amyloid fibrils with twisted morphologies in negatively stained TEM images (similar to Fig. 1 A) are formed by many other polypeptides, including amylin (18) , insulin (14) , and mammalian prion proteins (37) . Interestingly, Perutz et al. interpreted MPL data as evidence for threefold symmetry in twisted fibrils formed by a 22-residue Q,N-rich peptide derived from the Sup35 yeast prion protein (38) . The model in Fig. 4 A and B may represent a general structural motif for a class of fibrils with similar morphologies.
Wasmer et al. have recently reported a full structural model for amyloid fibrils formed by residues 218-289 of the Podospora anserina HET-s protein (39) . Although the HET-s fibrils have a roughly triangular cross-section that is superficially similar to our threefold-symmetric A␤ fibril model, the details of the 2 models are quite different. Specifically, (i) ␤-sheets in HET-s fibrils contain both intramolecular and intermolecular backbone hydrogen bonds, whereas ␤-sheets in A␤ 1-40 fibrils contain only intermolecular hydrogen bonds; (ii) each side of the triangular cross-section in HET-s fibrils is formed by a single ␤-sheet layer, whereas each side of the triangular cross-section in threefoldsymmetric A␤ fibrils is formed by 2 ␤-sheet layers; (iii) the MPL of HET-s fibrils (40) is Ϸ0.5 ϫ MW/(0.47 nm), where MW is the molecular weight, whereas the MPL of threefoldsymmetric A␤ fibrils is 3 ϫ MW/(0.47 nm); (iv) HET-s fibrils have no symmetry about their long axes.
Finally, the structural models in Fig. 4 raise the possibility that small molecules may be designed to inhibit, stabilize, or label particular fibril morphologies, perhaps by interacting specifically with the regions of A␤ that exhibit the greatest structural variations in different morphologies. Morphology-specific labeling may permit direct identification of specific amyloid structures in the senile plaques that develop in Alzheimer's disease, and could facilitate investigations of correlations between amyloid structure and cognitive impairment or between amyloid structure and plaque location within the brain.
Materials and Methods
A␤1-40 (sequence DAEFRHDSGYEVHHQKLVFFAEDVGSNKGAIIGLMVGGVV) was synthesized and purified as described (4, 15) . Fibrils were grown initially at 210 M peptide concentration in 10 mM phosphate buffer, pH 7.4, without continual agitation but with brief sonication once per hour for 9 days. The most efficiently propagating fibril morphology was isolated from this initial polymorphic sample by 12 rounds of seeded growth from fresh A␤1-40 solutions (Fig. S1 ). The resulting sample, which exhibited uniform fibril morphologies, was used as the source of seeds for subsequent preparations of isotopically labeled fibrils for solid state NMR.
TEM and STEM images were obtained as described (4, 13) . Solid state NMR measurements were performed in 9.4 T and 14.1 T magnets, using Varian Infinity and InfinityPlus spectrometers and Varian magic-angle spinning (MAS) probes at room temperature. Fibrils (typically 4 -8 mg) were lyophilized, packed in 3.2 mm MAS rotors, and rehydrated by addition of 3-5 L of deionized water. 2D spectra in Fig. 2 were recorded at 20 kHz MAS frequency, using finite-pulse radiofrequency-driven recoupling (41) during 2.4-ms mixing periods between t1 and t2 periods. 2D spectra in Fig. 3 were recorded at 18.3 kHz MAS frequency, using RAD mixing periods (27) between 500 and 1500 ms. PITHIRDS-CT measurements and simulations in Fig. 3 were performed as described in ref. 20 .
Molecular modeling was performed with AMBER. Initially, A␤9-40 hexamers with a double-layered cross-␤ structure were created from fully extended, well-separated chains by applying experimentally-based restraints on backbone conformation, ␤-sheet alignment, and internal quaternary contacts during simulated annealing with Langevin dynamics. Three copies of a hexamer were then assembled into a final model by adding restraints that represent external quaternary contacts and carrying out additional annealing.
Additional details of sample preparation, microscopy, solid state NMR measurements, and molecular modeling are given in the SI Text.
